The writers recently developed a nonlinear viscoelastic-viscoplastic constitutive model, in order to represent the response of asphalt mixtures under different temperatures and rates of loading. This model has been implemented in the finite-element ͑FE͒ code Abaqus via the user material subroutine UMAT, and it was verified through comparisons with experimental data of asphalt mixtures at various stress levels and temperatures. This research develops a three-dimensional FE model using Abaqus to represent a three-layer pavement structure and to simulate the viscoelastic and viscoplastic responses under repeated loading at different temperatures. The results demonstrate the capability of the model in simulating the influence of temperature on permanent deformation and in predicting viscoelastic and viscoplastic strain distributions in the asphalt layer. The simulations show that tensile viscoplastic strain accumulates at the pavement surface, a phenomenon that could be associated with cracking of asphalt pavements. In addition, the results show that at high pavement temperature ͑40°C͒, tensile viscoplastic strain develops at the sides of the applied load due to asphalt mixture heave associated with permanent deformation and dilation.
Introduction
During the last two decades, pavement deterioration has accelerated due to increased traffic volume and magnitude of axle loads, which gives rise to large costs for maintenance and repair. Therefore, development of structural mechanistic models that can effectively predict the performance of pavements under realistic loading and boundary conditions is highly desirable. These structural models need to incorporate constitutive material models that describe the behavior of asphalt mixtures under different stress states, temperatures, and rates of loading.
The behavior of asphalt mixtures encompasses nonlinear viscoelastic ͑recoverable͒ and viscoplastic ͑permanent͒ components ͑e.g., Perl et al. 1983; Sides et al. 1985; Collop et al. 2003͒ . The Schapery's single integral model ͑Schapery 1969͒ is commonly used to describe the nonlinear viscoelastic behavior of materials and it has already been implemented in finite-element ͑FE͒ codes using several numerical schemes ͑e.g., Sadd et al. 2004 ; Lee and Kim 1998; Kim et al. 2007; Huang et al. 2007; Masad et al. 2008͒. Huang et al. ͑2007͒ and Masad et al. ͑2008͒ employed Schapery' s model to characterize the nonlinear viscoelastic behavior of asphalt mixtures and binders, and implemented it in an FE code using the recursive-iterative numerical algorithm of HajAli and Muliana ͑2004͒. Lu and Wright ͑1998͒ and Seibi et al. ͑2001͒ conducted analysis of permanent deformation of asphalt mixtures using Perzyna's viscoplasticity theory. Masad et al. ͑2005, 2007͒ incorporated material anisotropy and isotropic damage in Perzyna's viscoplasticity theory and implemented it in a FE program. Recently, Huang et al. ͑C.W. Huang et al., "Numerical implementation and validation of a nonlinear viscoelastic and viscoplastic model for asphalt concrete mixes," Mech. Mater., submitted, 2009͒ have presented a nonlinear viscoelastic and viscoplastic model which combines Schapery's viscoelasticity and Perzyna's viscoplasticity. This model is capable of the analysis asphalt mixture recoverable and irrecoverable responses under three-dimensional state of stress such that no independent constitutive equations for compression and extension states of stress are necessary.
The FE analysis has been used extensively in the analysis of pavement performance using various materials constitutive models. Lu and Wright ͑1998͒ simulated pavement structure using a two-dimensional ͑2D͒ plane strain model with viscoelastoplasticity to evaluate pavement performance under a pulse strip loading. Cho et al. ͑1996͒ conducted a comparison between twodimensional and three-dimensional FE simulations of stress and strain distributions in asphalt pavements. These simulations used an elastic material model for the asphalt layer. The results indicated that the three-dimensional simulations gave more reasonable results than the two-dimensional simulations, when compared with actual measurements under traffic loading. Huang et al. ͑2001͒ conducted a three-dimensional simulation of asphalt pavement sections of a Louisiana accelerated loading facility using a step loading. This work employed a viscoplastic model to represent asphalt layer and an elastoplastic model to represent the base and subgrade layers. The results showed that the threedimensional were more accurate than the two-dimensional FE analyses in predicting field measurements. Saleeb et al. ͑2005͒ employed a viscoelastoplastic material model and conducted a three-dimensional FE simulation using a step loading to predict the asphalt pavement analyzer ͑APA͒ measurements of rutting in asphalt mixture slabs prepared in the laboratory. Gonzalez et al. ͑2007͒ used a viscoelastoplastic constitutive model in FE simulations of rutting in asphalt pavements under a rolling load. Hunter et al. ͑2007͒ developed a two-dimensional plane strain symmetrical FE model to predict the rutting of wheel tracking experiments using a pulse loading. The asphalt mixture was represented using a power law viscoplastic constitutive relationship.
As evident from the review of studies discussed above, there have been significant advances in the mechanistic modeling of asphalt pavements based on FE analysis and time-dependent constitutive material models. The objective of this research is to contribute to advancing mechanistic modeling through conducting three-dimensional FE simulations of viscoelastic and viscoplastic responses under repeated loading at different temperatures. The simulations use a recently developed and implemented nonlinear viscoelastic and viscoplastic constitutive model to describe the nonlinear and time-and temperature-dependent behavior of asphalt mixtures.
The outline of this paper is as follows: "Nonlinear Viscoelastic and Viscoplastic Material Constitutive Model" briefly describes the coupled nonlinear viscoelastic and viscoplastic model. "FE Simulations of a Pavement Structure" presents descriptions of the developed FE model, pavement structure, and identification of material parameters. "FE Simulation Results" discusses the simulation results in terms of permanent deformation and distribution of viscoelastic and viscoplatic strains.
Nonlinear Viscoelastic and Viscoplastic Material Constitutive Model
This section presents a summary of the main constitutive equations of the recently developed and implemented nonlinear viscoelastic and viscoplastic model for asphalt concretes. Assuming small strain deformations, the total strain can be decomposed into viscoelastic ͑i.e., recoverable͒ and viscoplastic ͑i.e., permanent͒ components, such that
where ij = total strain tensor; ij nve = nonlinear viscoelastic strain tensor; and ij vp = viscoplastic strain tensor. The Schapery's nonlinear viscoelastic theory ͑Schapery 1969͒ is used to model the recoverable component ij nve . The recoverable creep strain under an applied stress is expressed as follows for one-dimensional problems:
where the superscript t = current time and = integration time variable; D 0 = instantaneous elastic compliance; ⌬D = transient compliance; g 0 , g 1 , and g 2 = nonlinear parameters related to stress; and t = reduced time which can be a function of stress shift factor, temperature shift factor, and other environmental shift factors ͑e.g., moisture͒ and is given by
where a T = temperature shift factor; a s = stress shift factor; and a e = environmental shift factor. For numerical convenience, this study uses the Prony series to represent the transient compliance ⌬D as follows:
where D n = nth coefficient of Prony series associated with the nth retardation time n , and N = number of Prony series components.
In the above equations, the superimposed t and designate the response at specific time.
For three-dimensional isotropic constitutive relations, the total strain can be decoupled into deviatoric and volumetric parts presented as
where G and K = shear and bulk moduli, respectively; J =1/ G and B =1/ 3K = shear and bulk compliances, respectively; S ij = deviatoric stress; and kk = volumetric stress. Applying the Schapery's integral constitutive model in Eq. ͑2͒, the deviatoric and volumetric strain components can be expressed, respectively, as follows ͑Lai and Bakker 1996͒:
where e ij nve,t = deviatoric strain tensor and kk nve,t = volumetric strain tensor at current time t. The material constants J 0 =1/ G 0 and B 0 =1/ 3K 0 are the instantaneous elastic shear and bulk compliances, respectively.
Assuming the Poisson's ratio to be time-independent, the deviatoric strain e ij nve,t and volumetric strain kk nve,t components can be expressed in terms of the hereditary integral formulation after substituting Eq. ͑4͒ as follows ͑Huang et al. Masad et al. 2008͒: e ij nve,t = 1 2 
This study uses Perzyna's model ͑Perzyna 1971͒ to predict the viscoplastic strain rate component as
where ⌫ = viscosity parameter; g = viscoplastic potential energy function; and = overstress function which is expressed in terms of the yield function f ͑i.e., overstress function͒. In addition, ͗ • ͘ is the Macauley bracket such that the following expression for can be postulated:
where y 0 and N = material constants characterizing a reference yield strength and strain rate exponent, respectively. Eqs. ͑10͒ and ͑11͒ indicate that the viscoplasticity takes place only when the overstress function f exceeds zero. In order to consider the effects of confinement, deviatoric stress and dilative behavior of asphalt mixes, this study employs an Extended Drucker-Prager yield surface, which is presented in the I 1 − plane as follows ͑Park et al. 2001͒
where ␣ = material parameter which is related to the material's internal friction. I 1 = kk / 3 is the first stress invariant, and is the deviatoric effective shear stress modified to distinguish between the asphalt mix behavior under compression and extension loading conditions, such that ͑Tashman et al.
where J 2 =3S ij S ij / 2 and J 3 = ͑9 / 2͒S ij S jk S ki = second and third deviatoric stress invariants, respectively, and d = material parameter which takes into account the distinction of asphalt mix behavior to compression and extension loading conditions. The isotropic hardening function ͑ e vp ͒ in Eq. ͑12͒ is expressed as an exponential function of the effective viscoplastic strain e vp following the work of Lemaitre and Chaboche ͑1990͒, such that:
where 0 , 1 , and 2 = material parameters, which define the initial yield stress, the saturated yield stress, and the strain hardening rate, respectively. Several studies demonstrated that asphalt mixtures exhibit nonassociated viscoplastic behavior such that the use of an associated flow rule ͑i.e., g = f͒ overestimates the dilation compared with experimental measurements ͑Masad et al. 2005, 2007͒. Hence, this study defines a viscoplastic potential function of a Drucker-Prager-type as in Eq. ͑12͒ by replacing ␣ with a smaller parameter ␤, such that
where ␤ = material parameter that describes the dilation or contraction behavior of the material. The rate of the effective viscoplastic strain, e vp , is defined as follows:
The presented nonlinear viscoelastic and viscoplastic model has been implemented into the well-known commercial FE code Abaqus via the user material subroutine UMAT, and the validation has been conducted by comparing with creep-recovery experimental data at different stress levels and various temperatures ͑Abaqus, version 8, Habbit, Karlsson and Sorensen, Inc., Providence, R.I., 2008͒. Fig. 1 is an example of predictions of creeprecovery experimental data at different temperatures and stress levels. This figure shows that the model predictions have reasonable agreements with experimental data.
FE Simulations of a Pavement Structure
This section includes the description of a three-dimensional FE model of a pavement section, and the use of this model to simulate pavement response under repeated loading. Furthermore, this section summarizes a procedure for the identification of the material constants associated with the constitutive model outlined in the previous section.
Geometry of Pavement Structure and FE Model
The pavement structure contains asphalt, base, and subgrade layers with a 0.152-m thickness for each layer. A pavement section with 4.064-m width is simulated. Fig. 2 presents a sketch of the pavement structure geometry. A single axle with dual wheels loading is assumed to be symmetrically applied on the pavement surface. This loading configuration allows developing a symmetric FE model by fixing the horizontal direction on the vertical edge of the mesh in order to represent the middle of pavement structure. The other opposite side of vertical edge is also fixed in the horizontal direction over the whole pavement section; while the bottom of the FE mesh is fixed on both horizontal and vertical 
Material Properties
For simplicity, the material properties of the base and subgrade layers are assumed to be time-independent and linear elastic, whereas the nonlinear viscoelastic and viscoplastic model presented earlier in this paper is used to represent the asphalt layer. In order to obtain the asphalt layer material properties, the single creep-recovery experimental measurements at various stress levels and temperatures were analyzed. The first step of the analysis procedure is to obtain the recoverable component ͑viscoelastic strain͒, and then the irrecoverable component ͑viscoplastic strain͒ can be decoupled by subtracting the recoverable strain from the total strain. The Prony series coefficients ͑D n and n ͒ are first determined from a linear viscoelastic response ͑g 1 = g 2 =1͒ by analyzing the relaxation strain at the lowest stress levels for each temperature. Then, the linear viscoelastic coefficients D n and n are used to analyze the relaxation strain at higher stress levels in order to determine the nonlinear viscoelastic parameters g 1 and g 2 . Once the Prony series coefficients and the nonlinear parameters are obtained, the viscoelastic strain can be calculated, and the irrecoverable ͑viscoplastic͒ strain is then obtained by subtracting the viscoelastic strain from the total strain. More details of determination of viscoelastic material properties and separation of recoverable and irrecoverable components can be found in Masad et al. ͑2009͒. Consequently, the viscoplastic material parameters are determined by analyzing the irrecoverable strain using the dynamic yield surface for a uniaxial compression step loading, such that ␣ and ␤, the viscoplastic parameters ⌫, N, 0 , 1 , and 2 can be obtained using Eq. ͑17͒. Table 1 lists the viscoelastic material parameters, whereas Table 2 lists the viscoplastic parameters for different temperatures. These material parameters are the input of asphalt layer to consider the effect of different temperatures.
FE Simulation Results
Figs. 6-8 show the distributions of the vertical components of the viscoelastic strain and viscoplastic strain at temperatures 10, 20, and 40°C, respectively; whereas Figs. 9-11 show the distributions of the horizontal components of the viscoelastic strain and viscoplastic strain at temperatures 10, 20, and 40°C, respectively. The strain distributions are shown after different number of loading cycles and are plotted through a transverse section at the center of loading. Note that positive values indicate compression, whereas the negative values indicate tension. Fig. 6 shows the vertical recoverable ͑VE͒ and permanent ͑VP͒ strain distributions for different number of loading cycles ͑N͒ at a temperature of 10°C. The Plots ͑a͒-͑f͒ in Fig. 6 show that the development of the VE compressive strain contains three stages: ͑1͒ starts at the top of asphalt layer ͓Plot ͑a͔͒; ͑2͒ propagates to the bottom of asphalt layer with an increase in loading cycles ͓from Plot ͑a͒ to Plot ͑e͔͒; and then ͑3͒ the size of VE compressive zone remains almost the same whereas the VE strain magnitude continues to increase ͓from Plot ͑e͒ to Plot ͑f͔͒.
For the VP strain distribution, interestingly, the Plots ͑g͒-͑l͒ in Fig. 6 show that the VP zone has four stages of development with increasing N: ͑1͒ the maximum VP strain occurs at the middle of the asphalt layer ͓Plot ͑g͔͒ ͑this depends on the stiffness of the base layer͒; ͑2͒ then starts to spread to the bottom of asphalt layer ͓from Plot ͑g͒ to Plot ͑h͔͒; ͑3͒ spreads to the top of asphalt layer ͓from Plot ͑h͒ to Plot ͑k͔͒; and ͑4͒ the spread of VP strain zone stops but the magnitude of VP strain still keeps increasing ͓after Plot ͑k͔͒ Fig. 7 shows the contours of vertical VE and VP strain for different number of cycles at a temperature of 20°C. The VE and VP strain distributions at 20°C go through the same stages as at 10°C. However, the VP zone reaches the second stage ͓Fig. 7͑g͔͒ and the third stage ͓Fig. 7͑h͔͒ at an earlier number of cycles compared with at 10°C. After Plot ͑i͒, the size of VP zone does not change but the magnitude of VP strain grows up continuously. Fig. 8 shows the contours of vertical VE and VP strain for different number of cycles at a temperature of 40°C. The results demonstrate that both VE and VP strain at 40°C reach the final stage in which strain zone size remains almost the same at a smaller number of cycles compared with lower temperatures. To conclude these results, the sizes of VE and VP zones increase with increasing number of loading cycles, and then after certain loading cycles, the VE and VP zones sizes cease to increase. However, the magnitude of strains keeps increasing with N. These results demonstrate that increasing temperature makes the development of the final stages of VE and VP strains faster and increases both VE and VP strain magnitudes.
Figs. 9-11 show the horizontal VE and VP strain distributions for different number of loading cycles at temperatures 10, 20, and 40°C, respectively. These plots show that the tensile VE and VP horizontal strains occur initially at the bottom of asphalt layer. However, the tensile horizontal strains and especially the VP component reach quickly to the top of the asphalt layer. The accumulation of the horizontal VP ͑residual͒ tensile strains at the pavement surface could be associated with the phenomenon of cracking in asphalt pavements. Moreover, the Plots ͑g͒-͑l͒ in Fig.  11 representing 40°C show that there are tensile VP horizontal strains at the asphalt surface between and at the outer sides of the two wheel loadings. These VP strains are attributed to mixture heave at the sides of the wheel path, which is associated with permanent strain and dilation of the asphalt mixture. For the lower temperatures, these VP tensile strains are very small at the sides of the loads. Fig. 12 shows permanent deformation ͑rutting͒ across the transverse section under the center of loading for different temperatures. This figure shows that the permanent deformation increases with increasing number of loading cycles and temperature. This result demonstrates that the model is able to capture the well phenomenon of developing more rutting at higher temperatures. Moreover, the apparent heaves ͓circled in Fig. 12͑c͔͒ arise at a temperature 40°C located between the two wheels and the sides of the wheels. Fig. 13 shows the relationship between rutting and N at different temperatures. This figure shows that increasing temperature increases the rutting and the accumulation rate of rutting becomes smaller with an increase in loading cycles. Moreover, after N = 400, the rutting accumulates with a constant rate at a temperature 40°C, but the rate of rutting accumulation still keeps decreasing for temperatures 10 and 20°C. This result indicates that the asphalt material reaches the secondary creep stage earlier as temperature increases.
Summary and Conclusions
This study presents a three-dimensional FE model of three-layer pavement structure to simulate the pavement response in terms of increase of loading cycles. The results show accumulation of horizontal tensile VP strain at the surface which could be associated with the phenomenon of cracking. Moreover, tensile VP strain develops at the surface of asphalt layer between and at the sides of wheels at a temperature 40°C. This VP strain demonstrates that the heaves arise on the surface of asphalt layer due to permanent deformation and associated mixture dilation at high temperatures. Furthermore, the results indicate that the asphalt material reaches the secondary creep stage earlier as temperature increases.
The simulation results from this study show that the adapted constitutive model has the capability to capture the pavement responses under different temperatures. In the future research, a moving loading will be applied in order to simulate the actual Fig. 7 . ͑Color͒ Contours of vertical VE strain after ͑a͒ 50; ͑b͒ 100; ͑c͒ 200; ͑d͒ 400; ͑e͒ 800; and ͑f͒ 1,600 cycles; and vertical VP strain after ͑g͒ 50; ͑h͒ 100; ͑i͒ 200; ͑j͒ 400; ͑k͒ 800; and ͑l͒ 1,600 cycles at temperature 20°C ͑deformation scale= 100͒ 62 / JOURNAL OF MATERIALS IN CIVIL ENGINEERING © ASCE / JANUARY 2011 loading in the field and the comparison with the laboratory or field pavement performance data such as wheel tracking tests will also be conducted. Moreover, the present constitutive model will be coupled to a continuum damage model that is under development by the writers and will be used to study the effect of damage on rutting. 
